Recent advances in bioengineering technologies have made it possible to collect high-quality reproducible data quantitatively in a wide range of laboratory animal species, including rodents. Several of these technologies are incorporated into a plan called Miniaturization, which aims to design, develop, and maintain rodent animal models to study the pathophysiology and therapy of human diseases. Laser Doppler flowmetry, digital sonomicrometry, bioelectrical impedance, and microdialysis are some of the most widely used methods under the plan because they cause minimal pain and distress, reduce the number of animals used in biomedical research, and allow chronic, nonterminal assessment of physiological parameters in rodents. An overview of each of these technologies and their major applications in rodents used for biomedical research is provided.
Introduction

\
ith the increased use of genetically engineered • animals in biomedical research, mice and rats V are becoming the animal models of choice in many physiological experiments. Due to their small size, however, the in vivo measurement of clinical, anatomical, and physiological parameters has been difficult. Recent technological advances and the miniaturization of biomedical devices have made it possible to acquire physiological data in mice and rats that formerly could be collected only in larger laboratory animal species, such as the dog or monkey.
In our laboratory, we have developed a novel plan called miniaturization, which uses one or more biotechnological advances to develop rodent animal models for biomedical research. In addition to reducing and refining the number of animals used in biomedical research, this strategy is a costeffective method to generate high-quality, reproducible physiological data for pharmaceutical research programs. An overview of the most common biotechnologies used under the plan is provided in addition to their major applications in biomedical research. We emphasize the use of each technology for long-term, chronic monitoring of physiological parameters in rodents. In this issue of ILAR Journal, other authors provide extensive reviews of other technologies incorporated in the Miniaturization plan. The focus of this article is to cover technologies not reviewed by others, which include laser Doppler flowmetry (LDF 1 ), digital sonomicrometry, bioelectrical impedance, and microdialysis.
LDF
LDF is a method for determining blood flow through tissue capillaries, arterioles, and venules. This technique is commonly used to monitor the effect of environmental conditions, physical manipulations, and drug treatments on tissue perfusion. It has been used extensively in biomedical research, and its methods have been found to correlate with validated methods of blood flow measurement, such as the hydrogen clearance, [ l4 C]iodoantipyrine, and radioactive microsphere methods (Goadsaby 1991; Kirkeby et al. 1995; Kramer et al. 1996; Skarphedinsson et al. 1998 ). Unlike ultrasonic transit-time methods of measuring blood flow, LDF has the advantage of allowing nonterminal evaluation of microvascular perfusion in real time.
Laser Doppler detects shifts in the frequency of laser light (Doppler shift) after it interacts with moving components of tissue such as red blood cells (Bonner et al. 1981) . The flow of blood is measured by directing a laser beam to an area of tissue to be investigated. Upon contact with red blood cells in the target tissue, light waves are reflected and scattered, resulting in broadening of the light wave frequency, which a photodetector detects. The greater the net movement within tissue, the greater the broadening of the frequency of light detected and the greater the Doppler shift. The photodetector converts the broadened light frequencies into an electrical signal that is processed to provide an estimation of blood flow, termed flux. Flux is proportional to the average speed and number of red blood cells in the area of light penetration, generally 1 mm 3 or smaller ( Figure 1) . It is not possible to determine absolute measurements of blood flow because the changes in wavelength that occur are unrelated to their direction of movement of red blood cells.
The two types of laser Doppler instruments used to measure blood flow are single point fiber optic monitors and laser Doppler images (Figure 2 ). The single point fiber optic monitor is the instrumentation most frequently used to measure flux in rodents. Laser light is transmitted via a fiber optic probe placed in direct contact with the tissue under investigation. Several fiber optic probes are commercially available. Noninvasive continuous measurements of flux are made with skin surface probes. Needle probes are designed to penetrate tissues and therefore are more invasive than surface probes. They can be used intraoperatively to measure flow within tissues such as the brain or liver. Endoscopic probes are less invasive than needle probes and measure flow to mucosal surfaces.
The laser Doppler imager is a noninvasive system that measures flux within tissues without the use of fiber optic probes. The instrument scans tissues measuring 25 to 2500 cm 2 via a low-power collimated laser beam directed in a rectilinear pattern. A moving mirror directs reflected laser light from moving red blood cells to a photodetector. Subsequent processing results in a two-dimensional color-coded image of flux. The data in Figure 3 are representative of the data output seen with laser Doppler imaging in a mouse model of angiogenesis. Low flux level is expressed in blue, Figure 1 Basic operating principles of laser Doppler flowmetry. A laser beam is directed to an area of tissue. Upon contact with red blood cells in the target tissue, light waves are reflected and scattered, resulting in broadening of the light wave frequency, which is detected and received by a photodector. with green, yellow, and red indicating increasingly higher level regions of flux. Gray areas represent regions where no flux can be detected. Imaging is facilitated by scanning the subject against a black background for greater contrast and visualization of the flux color spectrum and to enhance image analysis. In experiments where repetitive analysis of blood flow is required in the same animal, the region of interest in which flux must be determined should be permanently marked to allow appropriate realignment and to ensure that the same region is scanned.
Laser Doppler requires the tissue measured to remain stationary in relation to the laser beam. Movement of the animal can cause displacement of the laser Doppler flow probe during measurement and a subsequent shift of the baseline blood flow measurement (Dirnagl et al. 1989) . Stability and accurate reaffixation of the probe is critical to reduce variability. For this reason, anesthesia of the animal is often required. Various anesthetics have been shown to alter blood flow in rodents (Dalkara et al. 1995; Kiatchoosakun et al. 2000; Koorn et al. 1993; Lindauer et al. 1993; Okamota et al. 1997; Short 1987) . Therefore, the anesthetic regimen used during imaging should be tailored to the experimental protocol and should not adversely affect the vascular bed to be examined. Perfusion is temperature dependent, and fluctuations in body temperature may affect anesthetic requirements and exert confounding vasoactive properties (Kuluz et al. 1993) . Body temperature should be monitored frequently and regulated via the use of an isothermic heating pad.
LDF has been used for ocular, cerebral, cutaneous, auricular, splanchnic, and renal blood flow in a wide range of laboratory animal species. A list of laser Doppler applications is provided in Table 1 . With respect to rodents, the technology has been described in the mouse, rat, hamster, gerbil, guinea pig, and chinchilla.
The measurement of regional cerebral blood flow in the rat is the most widely reported experimental use of LDF. The single point laser Doppler is the instrument most frequently used for cerebral flow measurements; however, methods using the laser Doppler imager have been de- (Kimme et al. 1997) . When using the single point laser Doppler device, needle probes are typically advanced through a craniotomy to the cerebral cortex at a depth of approximately 0.5 mm and a measuring hemisphere of 0.5 to 1.0 mm (Barfod et al. 1997; Fabricius et al. 1999) . Although most measurements using single point laser Doppler are achieved by advancing a flow probe through a craniotomy, reproducible and reliable measurements have also been described using a partial craniotomy in which a thin layer of calvarium is left intact (Gu et al. 1999) . Similar cerebral flow measurements have also been described in the mouse (Gong et al. 1998; Nawashiro et al. 2000) . Unlike the rat, surface measurements of cerebral flow can also be made in the mouse through the intact skull bone (Kamii et al. 1994) .
Quantification of changes in regional cerebral blood flow with laser Doppler is commonly performed in the rat, although utility has also been documented in the mouse, hamster, gerbil, and guinea pig (Beattie et al. 1993; Connolly et al. 1996; Czernicki et al. 1996; Dalkara et al. 1995; Duan et al. 1994; Huang et al. 1999; Ichihara et al. 1996; Kilic et al. 2000; Maeda et al. 1999) . In these models, cerebral blood flow measurements are typically performed over short periods in anesthetized animals because longterm monitoring is associated with increased mortality due to long anesthetic durations (Gu et al. 1999) . Noteworthy are the applications of laser Doppler flowmetry in which measurement of cerebral blood flow was performed in unanesthetized rats (Gu et al 1999; Sato et al 1994) . A metal guide cannula with customized flow probe was permanently anchored to the skull for continuous, repetitive measurements of cerebral blood flow. Upon recovery from surgery, probes were advanced through the adapter to measure flow. Probes were removed and repositioned at exactly the same anatomical location for repeated measurements in the cortex for up to 4 days.
The second most common application of LDF is in the area of angiogenesis. Angiogenesis plays a critical role in the growth, maturation, and maintenance of normal and neoplastic tissues (Moses and Langer 1991) . Disease processes in which angiogenesis can lead to pathology are tumor development, rheumatoid arthritis, psoriasis, and diabetic retinopathy (Folkman 1995; Moses and Langer 1991) . Pharmacological agents that prevent angiogenesis (antiangiogenesis) are promising tools to restrict tumor growth, prevent metastasis, and treat disease. The laser Doppler imager is used widely in several animal models to characterize angiogenic responses after therapeutic interventions. The most common models in which this technique is applied include the hamster cheek pouch (Colantuoni and Bertuglia 1997; Orlandi et al. 1986 ), disc angiogenesis (Fajardo et al. 1988; Kowalski et al. 1992) , rat and mouse dorsal air sac (Lichtenberg et al. 1997) , matrigel (Passaniti et al. 1992) , and mouse and rat hind limb ischemia (Couffinhal et al. 1998; Lloyd et al. 2001; Skjeldal et al. 1993; . A chorioallantoic membrane model using fertilized eggs has been described with laser Doppler imaging; however, it has been considered a less relevant model to predict the human physiology and pathology of angiogenesis because it is not a mammalian system (Kowalski et al. 1992) . Of all the models described, the mouse and rat hind limb ischemia models are the most commonly studied. Postischemic and reperfusion microcirculatory changes are evaluated after unilateral femoral artery occlusion (Lloyd et al. 2001; . The reduction in hind limb perfusion followed by subsequent collateral vessel development is often monitored (Couffinhal et al. 1998; Kanno et al. 1999; Lloyd et al. 2001; Skjeldal et al. 1993; Takeshita et al. 1998; .
LDF is a valuable tool for real-time assessment of microcirculation. Combining laser Doppler with other biotechnologies may achieve increased value. Kaiser and During (1995) combined laser Doppler flowmetry with microdialysis as a novel approach to evaluate regional cerebral flow in correlation with neuronal activity, allowing greater amounts of physiological data to be generated in fewer numbers of animals.
Digital Sonomicrometry
Digital sonomicrometry is an ultrasonic measurement system that utilizes piezoelectric crystals to measure multiple distances within an aqueous medium or soft tissue. Distance measurements are determined by implanting crystals that transmit and receive sound energy at ultrasonic frequencies of greater than or equal to 1 MHz (Espisito et al. 2000; Gorman et al. 1996; Hansen et al. 1995) .
Digital sonomicrometry has been used extensively for nonterminal assessment of cardiovascular function in large animal species such as the dog. Similar parameters can be monitored in rodents due to the miniaturization of transducers used in the digital sonomicrometry system. Applications for digital sonomicrometry are provided in Table 2 .
The three major components in a digital sonomicrometry system include the piezoelectric crystals, the sonomicrometer, and the computer acquisition system. Piezoelectric crystals are cylindrical in shape, attached to Teflon-coated copper or stainless steel wire, and encapsulated in an epoxy resin (Figure 4) . Crystals, which range in size from 0.5 to 2.0 mm, can be implanted in animals as small as mice. Multiple distances can be measured at 200 times per second and with 0.006-|xm resolution. Crystals are connected to a sonomicrometer, which is used in conjunction with a customized computer acquisition system to measure distances in tissues.
Distances are measured by implanting a network of two or more piezoelectric crystals. Crystals are connected to the sonomicrometer, and an electrical impulse is generated resulting in oscillation and production of ultrasonic signal by one of the crystals in the network. This signal is transmitted to additional crystals, which act as piezoelectric receivers. The time from when the sound is broadcast by the active transmitter to the instant it was detected by each corresponding receiver is determined. The velocity of ultrasound through the tissue of interest is known, and the exact distance measurement between crystals is calculated by the system using the formula distance is equal to velocity multiplied by time (d = v x t). Crystals in the digital sonomicrometry system are unique in that they alternate between transmitting and receiving modes ( Figure 5 ). This characteristic allows multiple distances to be measured in the tissue of interest without crystal alignment and sonomicrometer calibration, which saves substantial time on experimental setup. Data acquired with digital sonomicrometry crystals grow exponentially with the number of crystals used (Figure 6 ). Conventional analog sonomicrometry systems differ and require implanting the piezoelectric crystals in pairs because one crystal serves as a transmitter and the other as a receiver. Crystals can only receive and transmit signals within the predetermined pair, and only distances within the paired group can be measured. Data collection requires extensive labor-intensive calibration using oscilloscopes before implantation of the crystal pairs.
Sonomicrometry has been used in a variety of laboratory animal species to determine cardiac, vascular, pulmonary, gastrointestinal, urogenital, and musculoskeletal measurements. Most investigations have been described in birds, mice, rats, dogs, pigs, and nonhuman primates. Applications in rodents are currently limited to rats and mice in cardiovascular research. Left ventricular dimension and function are typically evaluated through the use of isolated heart preparations and in acute studies in anesthetized animals.
The end systolic pressure-volume relation (ESPVR 1 ) has been the standard method for evaluating cardiac function in large animals (Kubota et al. 1997) . Contractile function can also be assessed in rodents by establishing pressure-dimension relations in vivo. In the absence of regional wall motion abnormalities, dimension can be substituted for volume (Espisito et al. 2000; Kubota et al. 1997) .
Determination of ESPVR in rodents has been well characterized in genetically engineered rodents (Espisito et al. 2000; Hajjar et al. 1998; Hoit and Walsh 1997; Kubota et al. 1997; Miyamoto et al. 1999; Schmidt et al. 2000) . To measure ESPVR, animals must be anesthetized, intubated, and mechanically ventilated. Left ventricular pressure measurements are made with a micromanometer, which is placed directly into the apex of the heart or advanced to the ventricle through the carotid artery (Hoit 2001) . Via a thoracotomy incision, two to four crystals are affixed to the left ventricle to measure dimension (Hajjar et al. 1998; Kubota et al. 1997) . Typically two crystals are placed on the anterior and posterior walls of the left ventricle to determine short-axis dimension, with two crystals at the base and apex to measure long-axis dimension.
Espisito and colleagues (2000) have described a new technique to measure contractility in the mouse. The procedure involves placement of orthogonal crystals on the endocardial surface of the heart and placement of two additional crystals on the base and apex of the epicardial surface of the left ventricle. Using this method, internal dimensions of the ventricle can be obtained in two planes, allowing absolute left ventricular volume to be calculated. Cardiac function has also been determined in rodents via conductance volumetry and echocardiography methods. The sonomicrometry technique is comparable to these systems (Espisito et al. 2000) . Excellent spatial and temporal resolution is possible with the use of sonomicrometry, and placement of an orthogonal crystal on the endocardial surface juxtaposed to a crystal on the epicardial surface can be performed for instantaneous measurements of wall thickness and calculation of wall stress.
Methods for examining cardiac function in unanesthetized rodents are needed. In larger animals, the wires connected to crystals are tunneled subcutaneously and later attached to a tether system for instantaneous measurements of left ventricular cavity dimension. Recently, miniaturized piezoelectric crystals have been modified to include suture material within the Teflon coating. This modification allows permanent fixation of crystals to the epicardial surface of the heart and theoretically makes chronic measurement of left ventricular function in unanesthetized rodents feasible. Methods for evaluating left ventricular pressure chronically in unanesthetized rodents still must be developed.
Digital sonomicrometry has limitations. Instrumentation requires thoracotomy, which is technically challenging and requires great skill in microsurgical technique. Sonomicrometry is insensitive to minute focal wall motion abnor- malities such as infarcts and therefore may not be a reliable methodology for study of cardiac ischemia and reperfusion. Although sonomicrometry is very invasive, the resolution is improved compared with other conventional methods. The technique will continue to offer value in characterizing cardiovascular phenotypes in genetically engineered rodents.
Figure 5
Basic operating principles of digital sonomicrometry. A network of two or more piezoelectric crystals is implanted onto a tissue of interest. Electrical impulses are directed to a crystal resulting in oscillation and production of an ultrasonic signal, which is transmitted to other additional crystals in the network. Crystals alternate between transmitting and receiving modes. Left (t,): 1 = transmitting crystal, 2 and 3 = receiving crystals; center (t 2 ): 2 = transmitting crystal, 1 and 3 = receiving crystals; right (t 3 ): 3 = transmitting crystal, 1 and 2 = receiving crystals.
Bioelectrical Impedance
Bioelectrical impedance analysis is a rapid noninvasive technique for estimating fluid distribution and body composition (Kushner and Schoeller 1986) . Although extensively validated in humans, the application of bioelectrical impedance in biomedical research has been limited to rats, cats, dogs, sheep, and nonhuman primates (Hoffer et al. 1969; Ilagan et al. 1993; Jenkins et al. 1988; Kichul et al. 1995; Lukaski et al. 1986; Mathers et al. 2000; Olde Rikkert et al. 1997; Scheltinga et al. 1991; Stanton et al. 1992) . Measurements are made using and impedance analyzer similar to the one in Figure 7 .
3 crystals = 3 distances 4 crystals = 6 distances 5 crystals = 10 distances Figure 6 Exponential growth of crystals. Data acquired with the digital sonomicrometry system grow exponentially with the number of crystals implanted.
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Figure 7 A multifrequency bioimpedance analyzer used to evaluate fluid distribution and body composition in laboratory animals (Xitron Technologies, San Diego, California).
Bioelectrical impedance assumes that the complex geometry of the living body can be approximated as a simple cylindrical conductor in which low-voltage electrical currents are delivered at a single fixed frequency or multiple frequencies. It assumes that resistance or impedance to these currents is inversely proportional to the amount of total body water and lean body mass present. Aqueous tissues (fat-free mass) such as lean muscle and fluids are considered excellent conductors, whereas fat and bone have poor conductance properties.
Water is the most abundant component of the body and accounts for 60% of its weight (Cornish et al. 1993 ). Total body water, which is located primarily in fat-free mass, is divided into extracellular fluid (ECF 1 ) and intracellular fluid (ICF 1 ) compartments. In determining fluid distribution and body composition, bioelectrical impedance assumes that ICF and ECF behave as conductors and that cell membranes and tissue interfaces act as imperfect capacitors. Single-frequency bioelectrical impedance delivers a constant alternating current at a fixed frequency typically measuring 50 kHz. A derivative of this method is multifrequency bioelectrical impedance analysis (MFBIA 1 ), which delivers alternating currents at frequencies ranging from 1 kHz to 1 MHz. Low-and high-frequency currents in MFBIA help distinguish ECF and total body water (TBW 1 ) because at low frequencies (<lkHz), current passes mainly through the ECF, and at higher frequencies (100 kHz to 1 MHz), the current penetrates both ECF and ICF spaces (predicting TBW). Total body impedance is related to the amount of water in the body. When alternating current passes through the body, the fluid is the main conductive pathway. By determining the length of the conductor, volume of total body water can be predicted in accordance with methods established by Cornish and coworkers (1992) in which algorithms are generated to predict total body water and fat-free mass in several populations of animals.
MFBIA is the most frequently used instrument in biomedical research. Measurements are made in anesthetized animals placed on a nonconductive surface and with electrodes inserted subcutaneously in a tetrapolar arrangement. Electrodes can be fabricated from stainless steel hypodermic needles, or platinum transdermal electrodes can be used. Two source electrodes and two detecting electrodes are placed subcutaneously along the midline, with the source electrodes placed dorsally at the back of the head and base of the tail and the detecting electrodes placed ventrally over the xiphoid and pelvic bone. Interelectrode length (length of the conductor) of the animal is determined for future TBW analysis.
ICF and ECF compartments are tightly regulated unless trauma occurs or pathological conditions such as pulmonary disease, cardiovascular disease, renal disease, obesity, immunodeficiency, and sepsis develop (Suzuki and Wilmore 1993) . Management of dysregulation of fluid compartments becomes important in achieving homeostasis and identifying and treating fluid imbalance. Bioelectrical impedance analysis becomes a particularly useful tool in biomedical research for assessing changes in fluid distribution. Increases in ECF volumes have been determined with MFBIA after injection of aliquots of saline in the intraperitoneal cavity (Cornish et al. 1994) . Further studies are needed to evaluate the ability of MFBIA to detect fluid shifts after therapeutic compounds are administered. Several methods have been described to measure body composition (Table 3) . A potential advantage of impedance analysis over these methods is its ability to measure the distribution of water between ICF and ECF spaces. The validity of MFBIA as a tool in measuring body composition has been established in the rat. Suzuki and Wilmore (1993) determined a correlation between resistance signals of MFBIA and body composition.
MFBIA is an excellent tool for estimating changes in ECF and ICF. The technology proves to be a safe, rapid, reproducible technique with exceptional promise in biomedical research because it has been validated against traditional measures of body composition and fluid analysis. A great advantage of MFBIA is its low cost compared with 
Microdialysis
Microdialysis is an analytical technique used to evaluate changes in the chemical composition of tissues (de la Pena et al. 2000) . It has been used extensively in pharmacokinetic and pharmacodynamic studies to measure unbound fluid concentrations in all tissues and organs of the body (Verbeeck 2000). Microdialysis does not require the removal of body fluids, therefore, exogenous and endogenous compounds present in the ECF can be evaluated without altering fluid balance or disturbing blood homeostasis (de la Pena et al. 2000) .
The main equipment used for microdialysis is illustrated in Figure 8 and consists of a microdialysis probe with inlet and outlet tubing, infusion pump, animal housing chamber, fraction collector, analytical measuring device, and computer system. An array of microdialysis probes can be used with this technique. Flexible probes are used for sampling blood and soft peripheral tissue (i.e., muscle, skin, liver, tumors) and must be secured for uncompromised stable monitoring. Linear probes are used to measure neurotransmitter levels in the brain (Davies et al. 2000) . Intracerebral probes are rigid linear probes that are typically advanced through a cannula surgically placed at least 24 hr before microdialysis sampling. Shunt probes, which are linear dialysis probes housed in plastic tubing, are used for continuous monitoring of moving fluids such as bile. These probes are normally implanted in rats and, unlike conventional methods of bile sampling, conserve bile salts during pharmacokinetic studies (Davies et al. 2000) .
Probes consist of a semipermable membrane in the formation of a hollow fiber membrane. Tubing is affixed to an inlet and outlet port of the probe, and an aqueous solution (perfusate) similar to the composition of tissue sampled is infused via the infusion pump. During sampling, animals are placed into a tethering system so that the animal can move about freely without tangling the microdialysis tubing. A fraction collector is used to collect microdialysis samples. The volume and time samples collected by the fraction collector are predetermined and controlled by a computer system. Alternatively, samples can be delivered directly to an analytical measuring device, in which case an online injector is used. Devices that can accommodate small volumes and detect low concentrations of microdialysis samples are used for analysis. Examples of analytical devices include high-pressure liquid chromatography and mass spectroscopy.
Microdialysis sampling is performed by surgically implanting a probe into an organ or biological fluid of interest. Perfusate similar to the ionic composition and pH of the medium sampled is infused through the interior of the probe membrane. The driving force for moving substances across the microdialysis probe membrane relies on a concentration gradient generated between the ECF space and the probe lumen. Substances with a molecular weight less than the molecular weight of the microdialysis membrane will diffuse across the membrane whereas molecules with molecular weights greater than that of the membrane are excluded from the perfusate. Once a molecule diffuses across the probe membrane, it is protected from further metabolism by enzymes in the tissue. Such protection is not possible using blood sampling or open cannula methods. The solution that diffuses out of the probe is representative of the concentration of the ECF and is termed the dialysate. The dialysate is collected into a fraction collector or can be directly transported to an analytical system. Analytes that are typically measured with microdialysis include drugs and their metabolites, neurotransmitters, and amino acids.
Microdialysis procedures are not performed under equilibrium, and the concentrations of drugs in the dialysate collected will differ from concentrations around the probe (Davies 1999) . Due to this partial recovery of analytes, tedious in vitro calibration methods are required to determine absolute concentrations of substances in the ECF. It is important to consider several factors when performing microdialysis procedures. These factors include probe type and composition, perfusate flow rate and temperature, surgical recovery time, and length and composition of tubing. Probe materials vary in size and composition, and the type used in an investigation is dependent on the accessibility and nature of the target tissue to be sampled (Davies et al. 2000) . Materials used for probe membranes include cellulose, copolymers, acrylic copolymers, and polysulfone. It is important to choose an appropriate membrane or material that does not interact with the drug and does not adversely affect the concentration of the dialysate. Lipophilic drugs have a tendency to adhere to dialysis probes and connecting tubing (de Lange et al. 2000) . The length and inner diameter of the outlet tubing are important and should be kept to a minimum to prevent a buildup of hydrostatic pressure across the probe membrane. It is recommended that inlet tubing to the probe have an inner diameter smaller than the probe itself and the outlet tubing from the probe have an inner diameter large than that of the probe (de Lange et al. 2000) .
The composition and temperature of the perfusate used in microdialysis procedures are important and should mimic the tissue being sampled because alterations can occur in the dialysate (de Lange et al. 2000; Moghaddam and Bunney 1989) . Most microdialysis procedures are performed with the perfusate at room temperature, which creates temperature gradients across the probe (de Lange et al. 2000) . Methods to equilibrate the perfusate to body temperature have been used and should be considered (de Lange 1994) . Flow rate of the perfusate will affect recovery. It is advantageous to perfuse at very low flow rates to obtain the highest concentration of analytes in the dialysate (de Lange et al. 2000) . Flow rates of 0.1 to 1.0 |xL/min are recommended (Davies et al. 1999) . Typically probes are perfused at 1 |xL /min, and 5 |xL of the analyte is evaluated every 5 min.
Implantation of dialysis probes has been reported to elicit local inflammatory responses and minor physiological changes, therefore, it is best to give animals adequate time to recover before dialysate is collected. Recovery periods as short as 2 hr have been recommended, depending on the tissue sampled (de Lange et al. 2000) .
Intracerebral microdialysis is the most frequently reported technique described in the literature. However, the technique has quickly expanded to include applications in pharmacokinetic and toxicology studies, in which other tissues like the skin, kidney, liver, and tumors are evaluated.
Neurotransmitter release is often evaluated in mice and rats via intracerebral microdialysis (Boschi and Scherrmann 2000) . Procedures require stereotaxic surgery in which cannulae are implanted into a predetermined area in the brain. For chronic measurements, cannulae are secured with an acrylic resin and animals are allowed to recover a minimum of 24 hr before perfusate is infused. More than one microdialysis probe can be implanted into an animal, as in the case of work by Evrard and colleagues (1996) , in which simultaneous blood and brain microdialysis probes were implanted to examine the effects of colchicine across the blood-brain barrier.
Simultaneous measurements have also been made with microdialysis probes in the blood along with multiple sights in the liver for investigations of phenol metabolism (Davies and Lunte 1996) . In characterization of a gliosarcoma model, two intracranial microdialysis probes were implanted to evaluate tumoral brain metabolism in freely moving rats. Authors showed significant increases in tumor pyruvate and lactate compared with normal brain tissue (Darbin 2000) .
Microdialysis offers numerous benefits in biomedical research. The number of animals required in pharmacokinetic studies can be dramatically reduced through the use of this technique. Because homeostasis is not affected by the application of microdialysis, numerous samples can be taken from the same animal, thereby decreasing the number of animals used in biomedical research. In addition, continuous and repeated sampling can be performed in conscious, freely moving animals, providing the target tissue remains unchanged. The ability to perform pharmacokinetic studies in mice via blood microdialysis is a major benefit inasmuch as the technique is not associated with fluid loss. Microdialysis is the most affordable technique to monitor ECF spaces in unanesthetized animals.
Conclusion
Miniaturization and refinement of conventional techniques have made it possible to collect data in rodents that are comparable in quality and quantity to data attained in large animal species. When utilizing any physiological assay, accuracy and reproducibility of results are critical, and variables that affect physiological monitoring must always be considered.
All of the technologies described in this review have shown measurable benefit while studying disease processes and measuring drug responses. The physiological methods chosen must be tailored to the hypothesis in question, and often a combination of techniques will enhance the experimental design as well as the power of the experiment.
Each technology serves as a valuable alternative by allowing the number of rodents used in biomedical research to be reduced while causing minimal pain and distress and by replacing methods that required necropsy as an endpoint. Although it is reasonable to state that laboratory rodents will not replace nonrodent species in biomedical research, the use of these technologies in mice and rats can serve as a valuable adjunct in studying the mechanism and treatment of disease processes before conducting investigations in larger animal species. Finally, all methods provide a costeffective means of measuring physiological parameters in rodents.
